Abstract: Spatial aggregation and self-similarity are two important properties in species spatial distribution analysis and modeling. The aggregation parameter k in the negative binomial distribution model and fractal dimension are two widely used measures of spatial aggregation and self-similarity, respectively. In this paper, we attempt to describe spatial aggregation and selfsimilarity using nearest neighbor methods. Specifically, nearest neighbor methods are used to calculate k and box-counting fractal dimension of species spatial distribution. First, five scaling patterns of k are identified for tree species in a tropical rainforest on Barro Colorado Island (BCI), Panama. Based on the scaling patterns and the means of the nth nearest neighbor distance (NND), the mean NND of higher ranks can be accurately predicted. Second, we describe how to use the theoretical probability distribution model of the nth NND for a homogeneous Poisson process on regular fractals to estimate the fractal dimension. The results indicate that the fractal dimensions estimated using the nearest neighbor method are consistent with those estimated using the scale-area method for 85 tree species on BCI (abundance ‡ 100 individuals and £ 5000 individuals). For other tree species, the breakdown of self-similarity in estimates of fractal dimension causes these two methods to be inconsistent. The applicability of the nearest neighbor method is also discussed.
Introduction
Species spatial distribution, which is the result of different ecological processes and forces on multiple scales (Dungan et al. 2002; Wiegand and Moloney 2004) , is the manner in which species are spatially arranged (Gaston 1994; Fortin and Dale 2005) . Species spatial distribution analysis is crucial to understanding the relationship between ecological patterns and processes (Tilman and Kareiva 1997; Perry et al. 2002; Wiegand and Moloney 2004) . Species distributions are commonly measured by the number of sites or geographic grid squares that the species occupy (Gaston and Blackburn 2000; Hui and McGeoch 2007a) , and the total area of the occupied grids is defined as the range size (Harte et al. 2001) . The relationship between species spatial range and abundance is an important research theme in ecology (Harte et al. 2001) .
There are generally two categories of models that describe the link between species spatial range and abundance ). The first category is occupancy-abundance relationship (OAR) models . The simplest OAR model is based on the Poisson model that corresponds to a random spatial distribution (He and Gaston 2000) . For random (Poisson) distribution patterns, a remarkable characteristic is the power law relationship between the mean of the nth nearest neighbor distance (NND) and the rank of the NND (Thompson 1956 ). Hubbell et al. (2008) extended this power law to nonrandom spatial distribution patterns of tree species and estimated the range size based on the inverse relationship between species abundance and the power exponent; however, spatial aggregation of tree species was not included.
In our previous paper, an explicit expression of the mean of the nth NND (r n ) was derived, in which the aggregation parameter k was added (Gao 2013) . In this paper, the NND specifically refers to the distance from a focal individual to a conspecific neighbor (event-to-event NND in Gao 2013) . The expectation E[r n ] can be computed based on the probability distribution model of the nth NND, and k is the same as the aggregation parameter in the negative binomial distribution (NBD) model. The parameter k has been verified to be a scalevariant measure of spatial aggregation (Hui et al. 2010; Zillio and He 2010) . Theoretically, the k in the NBD model increases proportionally with the spatial scale (quadrat size) (Conlisk et al. 2007; He and Gaston 2007) ; however, much empirical evidence has shown that, in practice, the theoretical proportional dependence of k across scales is unlikely to hold (He and Gaston 2007) . Therefore, exploring the scaling patterns of k is not only useful to accurately estimate E[r n ] and species range size, but is also helpful to reveal the relationship between spatial distribution and abundance. In our previous paper, we verified that estimating k using the NND method was more robust than using the quadrat sampling method (Gao 2013) .
In this paper, we will first study the relationship between k and the spatial scale using the nearest neighbor method (here the spatial scale is the rank of NND), and then identify and verify the scaling patterns of k. These tasks will be implemented using a data set of tree species in a tropical rain forest on Barro Colorado Island (BCI), Panama. Examining this relationship is the first objective of this paper.
The second category of models that link spatial range and abundance are scaling pattern of occupancy (SPO) models (Hui et al. 2006 Hui 2009 ). Kunin's (1998) log-log linear model (LLM), which describes a power law between species occupancy and grain size, is one SPO model. This model assumes a self-similar (fractal) structure of species spatial distribution, with a boxcounting fractal dimension representing the scale-independence of species spatial distribution (Kunin 1998) . Harte et al. (2001) also showed that species with selfsimilar distributions could yield a log-log linear relationship between occupancy and grain size. However, the self-similar structure of a species distribution usually breaks down at fine scales, and self-similarity only holds for a particular species over some spatial scales (Hui and McGeoch 2007b) . Although there is debate about the assumption of self-similarity in species spatial distributions, fractals remain the most readily applied approach to quantifying the scaling properties of species (Harte et al. 1999 (Harte et al. , 2001 Ostling et al. 2000; Hui and McGeoch 2007a, 2008) .
Fractal dimension is an important index of self-similar structure in species spatial analysis (Kunin 1998; Halley et al. 2004; Fortin and Dale 2005) , and it also measures the degree of occupancy in space (Mladenoff et al. 1993 , Hui et al. 2010 . In mathematics, the calculation of box-counting fractal dimension is done using balls or squares to cover these points (individuals of species) and find the scaling rule (Falconer 1990 ). Kunin's (1998) scale-area method is a practical way to estimate the box-counting fractal dimension. Hui et al. (2010) verified that the box-counting fractal dimension was also a scale-variant measure of species spatial aggregation.
In this paper, we also use the nearest neighbor method to estimate the fractal dimension of species spatial distribution and determine the conditions under which fractal dimensions can be computed using this method in practice. This second objective of this paper was also accomplished using the data set of tree species on BCI.
Models and methods

Models
In species spatial distribution analysis, the locations of individuals are usually mapped as points in space, resulting in a spatial point pattern (Legendre and Fortin 1989) . In spatial statistics, a spatial point pattern is considered a realization of a spatial point process that generates countable events in the plane (Gatrell et al. 1996; Perry et al. 2006) . For quadrat sampling, the Poisson and NBD models are the most widely used probability distribution models for random and aggregated spatial distribution patterns, respectively (Pielou 1960; He and Gaston 2000) .
For distance sampling, NND is easier to understand and measure in situ (Stoyan and Penttinen 2000) ; therefore, the nearest neighbor method is widely used in quadrat sampling. The probability distribution model of distance from a focal individual to its nth conspecific neighbor was derived for aggregated spatial distributions (Gao 2013) as
where r is the distance, n ( ‡1) is the rank of the NND, k is the density of individuals, k (>0) is the aggregation parameter, and C() is the gamma function. With this model, the expectation of the nth NND can be simply computed as
To our knowledge, few theoretical methods can link fractals and NND except Sakhr and Nieminen's (2006) probability distribution model of the nth NND for a homogeneous Poisson process on regular fractals. The dimensionless form of Sakhr and Nieminen's (SN) model is
where S is the normalized distance ( S ¼ r=" r n , and " r n is the mean of r n ), n ( ‡1) is the rank of the NND, D b is the box-counting dimension, and a ¼ ½Cðn þ 1=D b Þ= CðnÞ D b . Because the derivation of SN model is complicated, it cannot be easily extended to nonrandom point process on fractals. From a spatial ecology perspective, the SN model can be interpreted as follows: if individuals are randomly distributed in a fractal landscape, the probability distribution of the nth NND can be modeled by the SN model. The relationships among f n (r), f n S; D b ð Þ, and other probability distribution models for species spatial distribution analysis are clearly illustrated in Fig. 1 .
Data
The data set of tree species on BCI is one of the most robust, long-term ecology data sets. In 1981, a 1000 · 500 m rectangular plot was established. In this plot, all freestanding trees and shrubs ‡1 cm diameter at breast height have been enumerated, individually located on a reference map, and identified to species (He and Hubbell 2003) . This study used data from the 2005 census, which included 368,124 plants belonging to 301 species.
Methods
First, the relationship between k and the spatial scale using NND method is studied. The parameter k is estimated using maximum likelihood estimation based on the probability model f n (r) in Eq. (1) for the first 15 NNDs (n ¼ 1; . . . ; 15). Then, the scaling patterns of k are categorized according to the k(n) $ n curves. To verify these scaling patterns, a simple method is to use curve-fitting to predict the k(n) of higher ranks (n > 15) based on the scaling patterns, and to compare the predicted and estimated values. However, for BCI tree species, we have an alternative way to verify the scaling patterns. Hubbell et al. (2008) found that for many of these species, the relationship between the mean of NND and the rank n followed a power law. Here, we denote M[r n ] as the average of r n . Then, the verification of the scaling patterns of k(n) vs. n includes the following four steps:
n =N using the empirical data of the nth NND and estimate k(n) for n ¼ 1; 2; . . . ; 15; 2. classify the scaling patterns of k(n) vs. n, and use curve-fitting to predict k(n) of higher ranks Fig. 1 Probability distribution models used for species spatial distribution analysis (top row). Discrete frequency distribution models of quadrat count data in a regular two-dimensional study area. The Poisson and negative binomial distribution models correspond to random and aggregated spatial distributions, respectively (middle row). Probability distribution models of nearest neighbor distance in a regular two-dimensional study area. p n (r) corresponds to a random spatial distribution pattern, while g n (r) and f n (r) correspond to an aggregated one. r is the distance, and n is the rank of nearest neighbor distance (NND). The probability distribution models of spatial aggregation approach spatial randomness when the aggregation parameter k tends to infinity (bottom row). Probability distribution models of the nearest neighbor distance on a fractal landscape (occurrence maps). Randomness and self-similarity are two basic conditions of f n S; D b ð Þ Second, we use the scale-area method and SN model to estimate the box-counting fractal dimension of tree species. To obtain the scale-area curve, a process of landscape subdivision is used (Harte et al. 1999; Hui and McGeoch 2007a) . If the spatial structure of tree species is fractal, the scale-area curve in a log-log plot is linear and the slope (s) can be simply estimated via linear regression. Then the box-counting dimension can be computed as D b = 2 · (1 À s). Meanwhile, with the SN model, the box-counting dimension D b can be estimated using maximum likelihood. Although the maximum likelihood estimate of D b cannot be derived analytically, an approximation can be obtained numerically. The rank of NND is also from 1 to 15. To evaluate the consistency of estimated fractal dimensions of tree species spatial distributions using the two methods, correlation coefficients are calculated.
Results
First, we select 113 tree species (with more than 50 individuals and DBH > 1 cm) and estimate the aggregation parameters (n ¼ 1; 2; . . . ; 15). We find that the relationship k(n) $ n can be classified into five categories: relatively stable, linearly increasing, gradually increasing, exponentially increasing, and exponentially decreasing (Tables 1, 2; Fig. 2 ). The first category corresponds to more or less scale-invariant spatial aggregation, and included only 14 species. The second, third, and fourth categories correspond to an increased aggregation parameter, meaning that the level of spatial aggregation decreases when sampling scale is increased. Most tree species belong to these three categories. The fifth type corresponds to a decreased aggregation parameter; however, only two species, Bactris major (Arecaceae) and Inga pezizifera (Fabaceae), belong to this category (Table 1 ). The spatial distributions of these two tree species shared some features: a few highlyaggregated clusters and a few widely-distributed individuals (data not shown). In other words, the nearest neighbor method based on f n (r) performs better than Hubbell et al.'s method in predicting the mean of NND of higher ranks. Moreover, this result verifies that the five scaling patterns of k(n) vs. n summarized in this paper are reliable. In Fig. 2 and Table 2 , five tree species are selected to illustrate the five types of scaling patterns of k.
When the scale-area method is used to estimate the box-counting dimension, we must first construct the scale-area curves. If self-similarity holds over all spatial scales, the scale-area curve of a tree species in a log-log plot will be almost linear. However, we find that selfsimilarity also breaks down (Supplementary materials). For some common tree species whose individuals are widely distributed in the regular two-dimensional study area, the slope of the scale-area curve in the log-log plot will be underestimated, and then the box-counting dimension will be overestimated. On the contrary, for some rare tree species whose individuals are not widely distributed but aggregated, the slope of scale-area curve in log-log plot will be overestimated, and then the boxcounting dimension will be underestimated. In this paper, 85 species (with more than 100 individuals and less than 5000 individuals) are selected to illustrate the performance of the two methods in estimating the fractal dimension.
Fractal landscape and randomness are two basic conditions of the SN model. In the process of constructing scale-area curves, we see that the spatial structure of tree species is similar to that in fine-scale occurrence maps. Moreover, we find that the spatial distributions of tree species in occurrence maps are random, although they are considered to be aggregated in the regular two-dimensional study area (Supplementary materials). Next, we substitute the estimated boxcounting dimensions using the scale-area method into Eq. (3) and compare the predicted probability distributions (f n S; D b ð Þ) with the empirical frequency distributions of the nth NND. For n £ 3 and n > 10, the predicted and empirical probability density functions are usually not consistent. But for 4 £ n £ 10, the predicted probability models fit the empirical frequency distribution well. In Fig. 3 , we randomly select six tree species and illustrate the predicted and empirical probability distributions of the nth NND for n = 6. The fractal dimensions of all 85 tree species on BCI estimated using the scale-area and nearest neighbor methods 
a kðnÞ is the aggregation parameter, n is the rank of nearest neighbor distance (NND), r n is the nth NND, a, b and c are coefficients in the five curve-fitting formulae b The number of species belonging to each category of scaling pattern c The number of species with an improved estimation accuracy using E[r n ] compared with Hubbell et al.'s method (n = 6 and 10) are shown in Fig. 4 . We observed that the estimates of fractal dimensions using the two methods are consistent (Pearson's r = 0.8231 for n = 6, and Pearson's r = 0.8004 for n = 10). For other values of rank n (4 £ n £ 10), similar results can be found (data not shown).
Discussion
In this study, we focused on two important characteristics of species spatial distributions: aggregation and self-similarity. However, we did not employ the commonly used methods based on quadrat sampling to detect spatial aggregation and self-similarity. Instead, we explored distance sampling, specifically, nearest neighbor methods. In spatial analysis, the nearest neighbor method was first applied to measure spatial aggregation (Clark and Evans 1954) . Diggle (1983) also used the probability distribution of the NND to test spatial randomness. Nearest neighbor methods are very useful in spatial analysis and were once referred to as distance sampling methods (Buckland et al. 1993; Perry et al. 2006 ). In our previous paper, the probability distribution model of the nth NND was presented (Gao 2013 ). With that model, we can estimate k in the NBD model, which is a widely-used probability distribution model for quadrat count data sampled from aggregated spatial distributions. Both theoretical and empirical research verified that spatial aggregation was scale-dependent (Conlisk et al. 2007; He and Gaston 2007; Hui et al. 2010) . For BCI tree species, the relationship between k and spatial scale (quadrat size) was simply assumed to be a power law (Plotkin and Muller-Landau 2002; He and Hubbell 2003) . In this paper, we studied the scaling patterns of k using the nearest neighbor method and identified five scaling patterns: relatively stable, linearly increasing, gradually increasing, exponentially increasing, and exponentially decreasing. We found that k did not always increase with spatial scale. The scaling patterns of k estimated using the nearest neighbor method were more diverse than those estimated using quadrat sampling in previous studies (Plotkin and Muller-Landau 2002; He and Hubbell 2003; Conlisk et al. 2007) . Therefore, spatial aggregation should be treated carefully in studies of the relationship between abundance and occupancy (or range).
To study the relationship between abundance and range sizes of tree species at the community level, Hubbell et al. (2008) used an empirical result that was interpreted as a power-law relationship between the mean of the nth NND and the rank n. However, this power law is not universal for all individuals or species on BCI. In this paper, we also studied the relationship between the mean of the nth NND and the rank n, where the spatial aggregation was explicitly included, and verified the five scaling patterns of k. The results indicated that the nearest neighbor method performed better Table 2 Results of linear regression and curve fitting for the five tree species presented in Fig. 2 Type (Table 1) . This result also verified that the five scaling patterns of k identified in this study were satisfactory and reliable. As a second category of methods to study the relationship between species abundance and range sizes, SPO models such as Kunin's LLM exploit the scale dependence of species range size by assuming a fractal (self-similar) landscape structure (Hui and McGeoch 2007a) . The self-similar structure of the species distribution corresponds to a power-law form of a scale-area curve. However, self-similarity of a species distribution usually breaks down at fine scales. In this study, the breakdown of self-similarity was also observed for tree species on BCI. For some common species with total abundance ‡5000 individuals (usually widely distributed), the box-counting dimensions are usually overestimated by the scale-area method. In contrast, for some rare species, the box-counting dimensions are usually underestimated. Thus, the fractal dimension cannot be estimated directly using the scale-area method.
In this paper, we used a nearest neighbor method to estimate fractal dimension of species spatial distribution. For many tree species on BCI (abundance ‡ 100 and £ . Scaling patterns of k(n) vs. n. The first 15 values (dots) are directly estimated from NNDs based on the probability distribution model f n (r), while the next five values (circles) are calculated using curve-fitting. r is the distance, and n is the rank of nearest neighbor distance (NND) (right column). Actual and predicted means of the nth NND. Solid dots represent the actual values, M½r n ; circles represent the predicted values,M½r n , estimated using Hubbell et al.'s method and the solid lines are the fitted lines; crosses represent E[r n ]. The scaling patterns from top to bottom are: relatively stable, linearly increasing, gradually increasing, exponentially increasing, and exponentially decreasing. Example species are indicated 5000 individuals), the estimates of fractal dimension using these two methods are consistent. The nearest neighbor method is based on the modelf n S; D b ð Þ, which is the probability distribution model of the nth NND of randomly distributed points on a fractal landscape. In other words, the fractal dimension estimated using the nearest neighbor method is actually that of the fractal landscape. We also detected spatial randomness in occurrence maps (occupied cells), although the spatial distribution patterns of these tree species are aggregated in the regular two-dimensional study area. As we know, species distributions result from different ecological processes and forces on multiple scales (Dungan et al. 2002; Wiegand and Moloney 2004; Fortin and Dale 2005) . If we can identify the fractal landscape and determine the environmental differences between the fractal landscape and other areas, we could reveal the roles of environmental heterogeneity and ecological processes in shaping the spatial structure of plant species in nature. However, we are not sure whether the occurrence map is the fractal landscape, and further research is needed. In practice, when the probability distribution model f n S; D b ð Þ is used, we have many choices of rank n. Although whether there is one universal and optimal value of n has not been verified, we conclude based on this study that the rank n should be neither too large nor too small. For tree species on BCI, the rank n is generally from 4 to 10. The closer the individuals are, the more strongly they interact. Therefore, the real distances from a focal individual to its nearest few (n £ 3) neighbors are usually larger than the theoretical values, causing the empirical frequency distribution of the nth NND to be right-skewed. In contrast, a large rank n will reduce the sampling dependence and increase the burden of field surveys. Moreover, because the spatial structure of species distributions is not perfectly self-similar (Halley et al. 2004 ) and fractal dimension is also a scale-dependent measure in this context (Hui et al. 2010 ), we must be cautious using fractal properties in modeling species spatial distributions. Thompson HR (1956) Distribution of distance to n-th nearest neighbor in a population of randomly distributed individuals. 
